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Abstract
In this study, the momentum-kick model is used to understand the ridge behaviours in dihadron
∆η–∆ϕ correlations recently reported by the LHC in high-multiplicity proton-proton (pp) collisions.
The kick stand model is based on a momentum kick by leading jets to partons in the medium close
to the leading jets. The medium where partons move freely is assumed in the model regardless of
collision systems. This helps us apply the method to small systems like pp collisions in a simple way.
Also, the momentum transfer is purely kinematic and this provides us a strong way to approach
the ridge behaviour analytically. There are already several results with this approach in high-
energy heavy-ion collisions from the STAR and PHENIX at RHIC and from the CMS at LHC. The
momentum-kick model is extended to the recent ridge results in high-multiplicity pp collisions with
the ATLAS and CMS at LHC. The medium property in high-multiplicity pp collisions is diagnosed
with the result of the model.
PACS numbers: 25.75.-q, 12.38.Mh, 24.10.-i
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I. INTRODUCTION
Mainly, a ridge behaviour in dihadron ∆η–∆ϕ correlations is a well known property of
high-energy heavy-ion collisions, which originates from the collective behaviour of strongly
interacting matter, so called the Quark-Gluon Plasma (QGP) [1, 2]. Recently, the LHC
reported the ridge behaviour in dihadron correlations in high-multiplicity proton–proton
(pp) collisions at centre-of-mass energies
√
s = 2.76 to 13TeV [3–5]. The observation is also
successfully extended to those in p–Pb collisions at the LHC [6–9]. However, the origin of
the ridge behaviours in small systems like pp and p–Pb collisions is still controversial.
In relativistic central heavy-ion collisions, the ridge behaviour is understood as a result
from hydrodynamic flows of the QGP matter [10]. The same approach was applied to study
the ridge result specially in high-multiplicity pp and the most central p–Pb collisions at the
LHC energies [11–14]. However, these systems are too small to make a reliable size of a
strongly interacting matter where the long-range correlation (ridge) takes place. There are
several ideas to explain the long range correlations in small systems. These ideas are based
on some constraints on Multiple Parton Interactions (MPIs) that is expected to be more
pronounced in high multiplicity pp collisions [15–17]. The constraints include the colour
reconnection (CR) [18, 19] and hydrodynamic approach to partons in MPIs [20, 21].
The momentum kick stand model [22–25] assumes that the leading jets in high multiplicity
pp collisions collide with the closest partons in the medium constructed by the MPIs and
then a fractional momentum transfer happens to the partons in the direction of the jets.
The methodology of the model with the momentum transfer is purely kinematic compared
to other models and provide a simple but strong way to explain the ridge behaviour in small
systems like a pp collision. The model has been validated for measurements at the RHIC
and LHC from pp to heavy-ion collisions [22–26].
This document addresses the details of the kick stand model in Sec. II and the result of
the model with the parameters in pp high multiplicity conditions are applied to the recent
results at ATLAS and CMS in Sec. III. Then, conclusions are followed in Sec. IV.
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Figure 1: (Color online) The leading 2→ 2 hard scattering that is represented as jets (red
solid lines) brings a momentum kick to nearby partons along the jet direction that are
finally constructing the ridge components (black solid line).
II. THE KICK STAND MODEL
The kick stand model basically assumes a medium with partons that can be created by
the MPIs, especially in high-multiplicity pp collisions. As described schematically in Fig. 1,
the leading hard partons (jets) pass through the medium by interacting with nearby partons
and finally hadronize to jet constituent particles. The nearby partons in the medium acquire
a momentum kick ~q along the jet direction and construct a cluster, which hadronizes to final
stable particles.
The final transverse momentum (pTf ) distribution can be thought as the combination of
the momentum distributions of the ridge and jet fragment as (see also Refs. [22–26])[
1
Ntrig
dNch
pTfdpTfd∆ηd∆ϕ
]
total
= fR
2
3
〈Nk〉
[
dN
pTfdpTfd∆ηd∆ϕ
]
ridge
+ fJ
[
dNjet
pTfdpTfd∆ηd∆ϕ
]
jet
, (1)
where Nch is the number of charged particles, Njet is the total number of near-side (charged)
jet fragments associated with the pT trigger, fR and fJ are the survival factors of ridge
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particles and the jet fragments, respectively, that can be detected experimentally in the
detector, 〈Nk〉 is the average number of kicked medium parton per jet and the factor 2/3
represents the portion of charged particles for the associated particles, and ∆η = η − ηjet
and ∆ϕ = ϕ − ϕjet represent the differences in the pseudorapidities and azimuthal angles
between a jet and associated particle, respectively.
When the initial parton momentum distribution Pi(~pi) is modified to Pf ( ~pf ) by the
momentum kick ~q, the ridge part can be described as
dN
pTfdpTfd∆ηd∆ϕ
=
[
dNi
pTidpTid∆yid∆ϕi
]
pi=pf−q
×
√
1− m
2
pi
m2Tf
cosh2 yf , (2)
where mpi and mT =
√
m2pi + p
2
T are the rest and transverse masses of partons assumed as
pions, and where y and η are the rapidity and pseudorapidity of partons, respectively. In the
equation, the first and second terms on the right side represent the initial parton momentum
distribution and the Jacobian from rapidity to pseudorapidity phase space, respectively. It
is worth noting that the initial parton momentum distribution can be expressed in terms
of the temperature (T ) of the medium that can be obtained from the experimental data as
given by equation
dNi
pTidpTid∆yid∆ϕi
= Aridge(1− x)a exp (−mTi/T )√
m2pi + p
2
Ti
, (3)
where Aridge is the normalization constant and x = (p0i + p3i)/(p0beam + p3beam) is the light-
cone variable indicating the ratio of the transverse momenta between a medium parton (i)
and beam particle (beam).
The jet part is expressed as
dNjet
pTfdpTfd∆ηd∆ϕ
= Njet
exp{(mpi −mTf )/Tjet}
Tjet(mpi + Tjet)
× 1
2piσ2ϕ
exp {− [(∆ϕ)2 + (∆η)2] /2σ2ϕ} . (4)
See also for the detailed description in Refs. [22–26].
III. ANALYSIS
The momentum-kick model is applied to the ATLAS and CMS results in pp collisions at
centre-of-mass energy
√
s = 13TeV [4, 5]. The ridge yield at ATLAS is presented for the
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transverse momentum of both trigger and associated particles in 0.5 < ptrigT , p
asso
T < 5 GeV/c
for events with the number of offline charged particles Nofflinech measured in |η| < 2.5 above
120. The CMS provides the result for 1 < ptrigT , p
asso
T < 4 GeV/c and Nofflinech > 135.
To avoid the jet contribution in the yield of the near-side ridge, the ATLAS and CMS
applied a large ∆η cut (|∆η| > 2) for pairs of trigger and associated particles in dihadron
correlations. It is worth noting that the ridge yield relies on a correlated portion between
jets in the near side at ∆ϕ ∼ 0 and dijets in the away side at ∆ϕ ∼ pi. The ridge yield
at ATLAS was corrected for the correlated portion by using the template method [4], on
the other hand, the CMS corrected the dijet correlated yield using the traditional ZYAM
hypothesis [27].
PHENIX (Au–Au) CMS (Pb–Pb)
CMS (pp) ATLAS, CMS (pp)
Min. Bias High Mult.
√
s,
√
sNN (TeV) 0.2 2.76 7 13
T (GeV) 0.5 0.6 0.7 1.54
T/TPHENIX – 1.2 1.4 3.08
Table I: The temperature T of the medium dependent on centre-of-mass energy is
increased with respect to the RHIC case at
√
sNN = 200 GeV (T/TPHENIX) by the method
and information described in Refs. [23, 25, 28, 29]. Note that the parameters in pp
collisions at
√
s = 7 TeV for the CMS result is set to the minimum bias events (Min.
Bias) [3], while those are for high multiplicity events (High Mult.) at
√
s = 13 TeV for the
ATLAS and CMS results [4, 5].
The physical parameters that are used for the ATLAS and CMS results are reported in
Tab. I. The parameters are calculated based on the RHIC result [23, 30, 31]. The temper-
atures of the medium (T ) are dependent on centre-of-mass energy and those are increased
accordingly. The medium temperature in pp collisions at
√
s = 13 TeV is increased by about
300% with respect to the case of the RHIC in Au–Au collisions at
√
sNN = 200 GeV/c fol-
lowing the description in Ref. [25]. To determine the temperature of the medium, the pT
distribution of inclusive charged particles is used [28, 29].
The resulting fit values are listed in Tab. II. The values of q and fR〈Nk〉 are the fitting
parameters that are determined with the experimental data. The temperatures of trigger
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PHENIX (Au–Au) CMS (Pb–Pb)
CMS (pp) ATLAS (pp) CMS (pp)
Min. Bias High Mult. High Mult.
√
s,
√
sNN (TeV) 0.2 2.76 7 13 13
q (GeV/c) 0.8 0.7 2 2 1.2 2 1.2
fR〈Nk〉 3 2.06–6.82 1.5 0.7 1 0.54 0.74
Table II: Physical parameters of the momentum kick model. The results of PHENIX in
Au–Au collisions at
√
sNN = 200GeV and CMS in Pb–Pb collisions at
√
sNN = 2.76TeV
and pp collisions at
√
s = 7TeV are quoted from Refs. [24–26]. The resulting parameter
q = 1.2 GeV/c for the ATLAS and CMS data at
√
s = 13TeV [4, 5] is the fitting results of
this study. Note that q = 2 GeV/c at
√
s = 13 TeV is the fixed value (input value for the
fit) for comparison to the result at
√
s = 7 TeV.
jets (Tjet) were fitted as 0.19 + 0.06 × 〈ptrigT 〉, 0.23 + 0.07 × 〈ptrigT 〉 and 0.27 + 0.08 × 〈ptrigT 〉
for PHENIX in Au–Au at
√
sNN = 0.2 [24], CMS in Pb–Pb at 2.76 [26] and CMS in pp
collisions at 7TeV [25], respectively. The last two columns represent the results from the
recent high multiplicity pp data at
√
s = 13 TeV. Firstly, we tried q = 2 GeV/c as an input
to compare the result to that from minimum bias events in pp collisions at
√
s = 7 TeV. At
last, we find the best fit value of q = 1.2 GeV/c for the high multiplicity pp data. The fit
results with the momentum kick q = 2 and 1.2GeV/c for the ridge yield as a function of
∆ϕ in dihadron correlations at LHC are shown in Fig. 2 and Fig. 3, respectively. For both
figures, the left sub-figures show for the ATLAS and the right ones for the CMS data.
In the previous study [25] q = 2GeV/c was used to fit the CMS data in minimum-
bias pp collisions at
√
s = 7TeV [3]. The new fit value q = 1.2 describes the LHC data
in high-multiplicity pp collisions at
√
s = 13TeV well than q = 2GeV/c as compared in
Fig. 2 and 3. This is interpreted that the average momentum kick 〈q〉 is decreased as more
collisions occur per trigger jet in a denser medium that is prone to higher centre-of-mass
energies. The same interpretation can be extended to the results in Au–Au and Pb–Pb
collisions [24, 26] as shown in Tab. II. We can notice that the value of fR〈Nk〉 is increased as
q is decreased. As more momentum kicks are transferred from jets to partons, more partons
can survive to detectors. In the same sense if you compare CMS (Pb–Pb) to CMS (pp)
results, more partons are kicked in the medium produced in Pb–Pb collisions, and therefore
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(a) (b)
Figure 2: The momentum-kick model is fitted and compared to the ATLAS (a) and CMS
(b) data for a momentum kick q = 2GeV/c [4, 5].
(a) (b)
Figure 3: The momentum-kick model is fitted and compared to the ATLAS (a) and CMS
(b) data for a momentum kick q = 1.2GeV/c [4, 5].
fR〈Nk〉 becomes much larger.
Figure 4 shows fit results when the model is applied to the CMS data in two different
ptrigT ranges, 1 < p
trig
T < 2 GeV (a) and 2 < p
trig
T < 3 GeV (b), with q = 1.2GeV/c. When the
value of ptrigT becomes higher from 1 < p
trig
T < 2 to 2 < p
trig
T < 3 GeV, an increased value of
fR〈Nk〉 from 0.93 to 1.37 is observed, which implies that more kicked medium partons are
survived and measured as a final state particle in the detector for higher ptrigT range. The
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(a) (b)
Figure 4: The momentum-kick model is applied to the ridge result of the CMS data in
1 < ptrigT < 2 GeV (a) and 2 < p
trig
T < 3 GeV (b), separately, for a momentum kick q =
1.2GeV/c [4].
measurement proves also the reliability of the kick stand model since this is an expected
behaviour of the model.
IV. CONCLUSION
The framework of the momentum-kick model is applied to the near-side ridge yields in
dihadron ∆η–∆ϕ correlations measured by ATLAS and CMS in pp collisions at
√
s= 13TeV.
The kick-stand model in pp collisions is based on the assumption that leading jets generated
by the hard scattering provide a momentum kick q to nearby partons in the medium created
by the Multiple Parton Interactions in high-multiplicity proton–proton collisions. The model
explains the ridge behaviour in dihadron correlations by the nearby partons boosted towards
the direction of the leading jets.
In the previous kick-stand model study [25], the CMS data in minimum-bias pp collisions
at
√
s = 7TeV [3] is described well with a momentum kick q = 2GeV/c. The new fit value
q = 1.2 GeV/c is extracted for the ATLAS and CMS data in high-multiplicity pp collisions
at
√
s = 13TeV in this study. The decreased momentum kick at
√
s = 13TeV compared to
the result at 7TeV can be understood that a denser medium is created for higher centre-of-
mass energies because the average momentum kick 〈q〉 is expected to decrease for a denser
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medium due to increased partonic collisions as confirmed previously in Au–Au and Pb–Pb
collisions [24, 26]. We also observed that an increased value of fR〈Nk〉 is obtained as the
value of ptrigT becomes higher in high-multiplicity pp collisions which implies that more kicked
medium partons are survived and measured as a final state particle in the detector for higher
ptrigT . The measurement verifies the reliability of the kick stand model because the effect is
an expected behavior of the model.
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